Gold-sulphur bonds holding self-assembled monolayers (SAMs) on their gold substrate can be broken by electrochemical reduction, which typically occurs in an electrode potential range where the electrochemical hydrogen evolution reaction (HER) is thermodynamically possible. This work uses an in situ coupling between cyclic voltammetry and spectroscopic ellipsometry to compare the interfacial structure after desorption of the aliphatic thiols 1-Dodecanethiol (DDT) and 1-Octadecanethiol (ODT), and the o-hydroxythiol 11-Mercapto-1-undecanol (MUD). For MUD and DDT, the data can only be explained by the presence of a substance with a significantly lower refractive index than the aqueous electrolyte in the interfacial region. This substance is likely to be H 2 . The hypothesis is put forward here that for MUD and DDT, desorbed molecules stabilise ''nanobubbles'' of H 2 . The resulting aggregates form as initial stages of the process of complete disintegration of the SAMs, i.e. the loss of the SAMforming molecules into solution. On the other hand, desorption and readsorption of ODT are fully reversiblethe presence of a layer with low refractive index can neither be excluded nor confirmed in this case. The results indicate that different SAM-stabilities are a consequence of solubility of the thiolates.
Introduction
In recent years, the existence of bubbles in the size range of tens of nm at solid/liquid interfaces of hydrophobic solids has been debated. [1] [2] [3] Evidence for the existence of such ''nanobubbles'' has been found e.g. on thiol-modified and pure gold by quartz crystal microbalance measurements, 4, 5 or by scanning probe microscopy on graphite, 6, 7 in contact with water or aqueous solutions. On the other hand, ellipsometric measurements on hydrophobic silane-modified silicon samples have yielded no hints about the existence of gases at the solid/water interface, 8 though from the point of view of hydrophobicity, these samples should be similar to those of thiol-modified gold used in a later study. 4 In an electrochemical gas evolution reaction, such as the hydrogen evolution reaction (HER) in aqueous solutions, H 2 O + e À -1/2H 2 + OH À or H + + e À -1/2H 2 , gas bubbles do form and they could be of nano-dimension in the initial stages. An electrochemical experiment enabling a controlled gas generation at the interface should therefore be well-suited to study the formation of the mentioned nanobubbles, and their effect on interfacial properties. To ensure the presence of a hydrophobic surface, metals can be modified by self-assembled monolayers (SAMs), in which organic molecules are linked via a sulphur atom to a metal, such as gold. [9] [10] [11] [12] [13] [14] These SAMs on the other hand undergo a reductive desorption process,8 in which the Au-S bond is broken.
reactions, where the organic molecules in the interfacial region affect the gas evolution, and hence bubble formation nucleation. A deeper study of this interplay shall serve as the main motivation for this manuscript.
Reductive desorption limits the SAM's application range, as it defines a fundamental stability limit. Because SAM stability is crucial for applications, 17 it is essential to understand SAM degradation mechanisms in electrolytes for use of SAMs in electrolytic media. SAMs act as barriers separating water and ions from the metal surface, 18 which have been used e.g. to protect surfaces. [19] [20] [21] [22] [23] Nevertheless, ions penetrate through SAMs, which is likely to happen at defects in the SAM structure. 24 Controlling defects hence leads to greater SAM stability. 25 Ions that penetrated the SAM and reach the metal surface affect reductive desorption, 24, 26 as does surface crystal structure. 27 Here, we argue that the reductive desorption of thiols can be used as a model for one particular possible mechanism of SAM disintegration.
Reductive monolayer desorption results in a cathodic current peak in voltammetric analyses, however, in numerous studies, additional peaks have been observed in voltammograms. Based on in situ spectroscopic and microscopic studies, these additional peaks have mostly been related to transformations in the molecular arrangement after desorption. [28] [29] [30] For desorbed long-chain alkanethiolates, the formation of aggregates which remain near the interface is generally accepted. [31] [32] [33] [34] Molecular order and orientation of the molecules within such aggregates and before desorption at the electrified interface has recently been studied extensively by vibrational sum-frequency-generation (SFG) spectroscopy, [35] [36] [37] [38] [39] and ex situ after treatment at different potentials.
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H 2 formation and the resulting drag has recently been shown to be decisive for the transport of desorbed fluorescently-labelled SAM-forming molecules into the electrolyte. 40 On the other hand, the araliphatic thiol (4-(4-(4-pyridyl)phenyl)phenyl)-methanethiol (PyPP1), which shows extraordinary electrochemical stability, 41 has been shown to remain suspended in the interface plane after desorption, and to temporarily catalyse HER, with ellipsometric results pointing to the presence of H 2 in the interfacial region after desorption. 42 Similar to PyPP1, long chain alkyl thiol SAMs have also been shown to be stable over many desorption-readsorption cycles. 18 In the desorbed state, ions stabilise the molecular aggregates formed. 30 This work uses spectroscopic ellipsometry coupled with electrochemical experiments to investigate the state of SAMs before and after reductive desorption. As ellipsometric experiments are sensitive to interfacial refractive index, 43 there is also the possibility to study the role of the evolving gas in the desorption process. Two alkyl thiols, 1-Dodecanethiol (DDT) and 1-Octadecanethiol (ODT), are used to compare the ellipsometric results with recent studies. 18, 30 To study the role of hydrophobicity and hydrophilicity, 11-Mercapto-1-undecanol (MUD) is the third compound in this series. Desorption is investigated in two different electrolytes: 0.1 M NaOH, an electrolyte frequently used for such desorption studies, and 0.1 M NaClO 4 . Because of the lower pH of the latter, the equilibrium potential of H 2 is shifted to less negative potentials. Therefore, the rate of HER at the desorption potential is supposed to be different in the two different electrolytes. . Typically a layer thickness of 150 nm was obtained.
The gold samples were washed with ethanol, dried in nitrogen and annealed in a hydrogen flame for 1-2 min. Afterwards they were directly immersed in a 20 mM thiol solution for 12 h at room temperature to obtain a highly ordered monolayer. Subsequently, the samples were removed from the thiol solution, washed with ethanol and dried in a nitrogen stream.
1-Dodecanethiol (98%, Merck), 11-Mercapto-1-undecanol (97%, Sigma-Aldrich) and 1-Octadecanethiol (97.5%, Fluka) were used as received from the different suppliers.
Cyclic voltammetry (CV)
Pure electrochemical measurements were recorded in a conventional electrochemical cell with a Compactstat potentiostat (Ivium Technologies, Eindhoven, The Netherlands). An Ag/AgCl/ 3 M KCl-electrode (Metrohm, Filderstadt, Germany) was used as a reference electrode. A gold foil was employed as a counter electrode. The electrolyte was purged with nitrogen prior to measurement, while during the measurements, only the atmosphere above the electrolyte was purged.
All electrode potentials reported in this work are given with reference to Ag/AgCl/3 M KCl.
Ellipsometry
A homemade electrochemical cell and a SE 800 spectroscopic ellipsometer (Sentech Instruments, Krailling/Berlin, Germany) were used for coupled ellipsometric and electrochemical experiments. Details of the cell design have been reported elsewhere. 44, 45 A freshly prepared sample was fixed in the cell, and the setup was aligned in the beam. The sample was connected as a working electrode to the Ivium Compactstat potentiostat. The counter electrode was a Pt-grid. Reference electrode was an Ag/AgCl-microelectrode (3 M KCl, DRIREF-2SH, World Precision Instruments, Sarasota, FL, USA). The electrolyte was externally purged with nitrogen, and pumped into the cell using a peristaltic pump (Ismatec IDEX Health & Science, Glattbrugg, Switzerland). Prior to measurements the electrolyte was pumped for ca. 10 min with 2 mL min À1 through the cell to remove oxygen. During the measurement the pump rate was reduced to 150 mL min
À1
. Pumping showed no detectable influence on the ellipsometic data, but limited the supply of oxygen, which diffused into the cell through O-rings, and other parts. The first five ellipsometric measurements were conducted at the open circuit potential (OCP). Subsequently, a CV scan with a scan speed of 5 mV s À1 was started, with a potential sweep in the cathodic direction first. Typically three complete cycles were recorded in the scan range À0.2 to À1.5 V, unless noted otherwise. Unless noted otherwise, focus in the discussion here is on the first scan. Ellipsometric measurements were carried out during the CV scans, with a minimal protocol to reduce measurement time. Measurements were conducted using a fixed polariser, without retarder, and with the minimum of 8 analyser positions measured for one dataset. The duration of such a single ellipsometric measurement is typically 8 s.
The ellipsometric parameters (D und C) were measured and used to determine the ellipsometric ratio r,
with the amplitude reflection coefficients r p and r s for p-and s-polarisation, respectively, and i ¼ ffiffiffiffiffiffi ffi À1 p . Data analysis was preformed based on a perturbation approach as described by Lekner, 46 and similar to the approach discussed previously. 42, 45 This approach is valid for layers with a thickness d small compared to the vacuum wavelength l of the light employed. For SAMs on gold, d B 1.5 nm, while 300 nm o l o 820 nm, i.e. for the topic under investigation here this approximation is sufficient. The deviation of r from the situation in an ideal ambient-substrate model without any layer or transition region, which has the ellipsometic ratio r 0 , can be described in a firstorder perturbation approach as
The factor F is comprised of optical parameters of the system, as detailed elsewhere. 45, 46 The perturbation parameter J 1 describes the change of the dielectric function across the interfacial region e s (z), 
where index 1 indicates the incidence medium (electrolyte) and index 2 the exit medium (gold substrate). J 1 can be understood as a dielectric contrast weighted thickness, as it has the unit of a length. For the wavelength-dependence of the dielectric function e 2 of the gold substrate values based on a critical point model have been used. 47, 48 The wavelength-dependence of the dielectic function e 1 of the electrolyte was based on the wavelength-dependence of the refractive index of water, with a correction for the concentration dependence dn/dc at a single wavelength of the electrolyte 0.1 M NaOH. 49 Small differences in the dielectric function of the electrolyte leave the results almost unaffected. Therefore, the same dielectric functions are used for both 0.1 M NaClO 4 and 0.1 M NaOH.
For a homogeneous isotropic layer between the ambient and the substrate, eqn (3) simplifies to
The authors will start the analysis assuming an isotropic layer in first approximation, and then in the course of the manuscript develop the analysis beyond isotropy.
For an experimental determination of J 1 , a measurement of r 0 is crucial. In this work, due to experimental constraints in the repeatability of the alignment of the substrates, no repeatable measurements of r 0 could be performed. Therefore, the difference dJ 1
between measurements at electrode potential E and OCP is analysed. This difference does not depend on r 0 . Five measurements at OCP were averaged to obtain r(OCP). Using eqn (2), the difference between the respective r is straightforwardly related to dJ 1 as
The resulting dJ 1 are complex. Here, only Im(e 2 ) a 0. Consequently, the information content, especially about the interfacial dielectric constant, in Re( J 1 ) is higher than in Im( J 1 ). Therefore, Re( J 1 ) is analysed in this work.
While a direct experimental determination of values for J 1 was difficult, the alkyl SAMs analysed in this work are well characterised. Based on thickness 50, 51 and a Cauchy description of the dielectric function,
with parameters n 0 and n 1 as determined from ellipsometric measurements in air, the initial value J (init) 1 of J 1 before any electrode potential application was determined using eqn (4). The calculated J (init) 1 was then used to replace J 1 (OCP) in eqn (5), and to calculate J 1 (E).
In the examples shown in this work, two wavelengths were selected to display typical desorption curves. Values at 350 nm are shown, as 350 nm is close to a minimum in Re(e 2 ), 47, 53 and a wavelength where high total irradiance is recorded at the detector, and hence a good signal/noise ratio is achieved. As a sample wavelength in the mid-visible, 600 nm was chosen. For quantitative analysis, however, all wavelengths were considered, and resulting spectra are displayed in the ESI. † 3 Results and discussion
Bare gold electrode
The electrochemical and ellipsometric results of the first cycle in 0.1 M NaOH of a sample of bare gold are shown in Fig. 1 . In the CV of Fig. 1a , low currents in the mA-range are measured till E B À1.25 V. At more negative potentials, the hydrogen evolution reaction (HER) leads to rising current densities.
The ellipsometric data show no significant variation of Re(dJ 1 ) over the full cycle. Consequently, neither the layer thickness nor the dielectric constant change significantly. The slight slope in the results for Re(dJ 1 ) is presumably due to changes in the ion distribution near the electrode surface, but is on the order of the noise level observed here. Qualitatively similar results, though with a shift in the onset potential for the HER, were obtained in 0.1 M NaClO 4 . This result shows that the measurement of ellipsometric data is possible despite a starting gas evolution reaction. When scanning to À1.55 V in this example (Fig. 1b) , Re(dJ 1 ) is constant at 0 nm even after the onset of the HER. If the current increases above a certain value (E200 mA cm À2 ), Re(dJ 1 ) rises sharply. According to eqn (4) and (5), the increase in Re( J 1 ) observed there indicates the formation of a layer of a lower dielectric constant than the aqueous medium in the interfacial region. Thus, the result is consistent with the presence of gaseous H 2 in the interfacial region, which is expected after the start of the HER. (The exact onset potential of the HER varies over several 10 mV from experiment to experiment, probably because of different surface catalytic activities.) The presence of macroscopically visible bubbles on the surface leads to a decrease in overall intensity at the detector, as the bubbles act as lenses and refract light away from the ellipsometer's detector arm. Consequently, measurements are practically impossible if the electrode is completely covered with macroscopic gas bubbles.
Desorption behaviour of MUD, DDT and ODT
Representative results of measurements of reductive MUD desorption in 0.1 M NaOH are shown in Fig. 2 . Corresponding data for DDT are shown in Fig. 3 , and for ODT in Fig. 4 . The CVs of all SAMs show the well-described desorption peak originating from the break of the Au-S bond, 30 which coincides with a strong change in the ellipsometric signal.
(The fine structure of these peaks has been discussed in detail in terms of the local order of the SAM, 54, 55 and is not a topic of this work.) In the case of DDT, there is successive cathodic multiwave desorption between EÀ1.25 V and À1.45 V, which is superimposed to the beginning HER. These peaks do not coincide with a change in the ellipsometric signal. Therefore, these peaks are not related to a change in the layer of adsorbed molecules or gas, but to changes in the reactivity or structure of the surface. In the negative scan during the first CV cycle in NaOH, the data of Re( J 1 ) for all three SAMs have in common that they start at negative values and increase significantly over the desorption peak (Fig. 2a, 3 and 4a) . Below the desorption potential, Re( J 1 ) remains almost constant till the potential vertex. While for MUD and DDT, Re( J 1 ) 4 0 after the desorption potential ( Fig. 2a and 3 ), Re( J 1 ) remains close to 0 for ODT (Fig. 4a) . For ODT, the Re( J 1 ) desorption curves are different compared to a capacitance measurement available in the literature, which shows an increasing capacitance after desorption. 23 The reverse anodic scans in the first cycle are clearly different between the View Article Online different SAMs: in ODT, which shows a distinct readsorption peak in the CV, Re( J 1 ) returns to its initial values (Fig. 4a) , while for both MUD and DDT, Re( J 1 ) remains positive, and decreases slightly after the desorption potential ( Fig. 2a and 3 ). The decrease stretches over more than 500 mV in a potential range in which readsorption is expected. This behaviour can be explained with incomplete readsorption. For MUD, slight differences in the curve shapes are detected for both wavelengths (Fig. 2a) . For ODT, in the second CV cycle (Fig. 4b) , both CV and ellipsometric scan appear to be very similar to the first scan, with a lower total charge in the desorption peak, but identical (in the limits of the error) ellipsometric results. However, for MUD and DDT, strong differences are observed (Fig. 2b) . For the example of MUD (Fig. 2b) , during the second CV cycle, the hysteresis between the Re( J 1 ) values becomes smaller. Re( J 1 ) always remains positive after first reaching a positive value. In the third scan (ESI; † Fig. S4 ), Re( J 1 ) still remains positive, but at even lower values. As reported for PyPP1 previously, 42 Re( J 1 ) becomes closer to 0 with an increasing number of scans. Results in 0.1 M NaClO 4 for MUD are qualitatively similar to NaOH (ESI; † Fig. S1 ). Comparing the CVs, it is remarkable that the current starts to increase due to HER approximately at the same potential despite the change in pH by 6 units. The thermodynamic start of the HER should shift here by E350 mV, which is not observed. The HER overpotential in the presence of these SAMs is therefore strongly dependent on pH. As this SAM desorbs at the same potential in NaOH and NaClO 4 the observation of a pH-dependent HER overpotential is not surprising, as the HER onset may be related to SAM desorption. The reductive desorption of ODT was also measured in 0.1 M NaClO 4 and similar results were obtained (ESI †). For DDT, the results in NaClO 4 are qualitatively different from NaOH and displayed in the ESI † (Fig. S2) .
Experiments in 0.1 M HClO 4 for MUD on the other hand show a shift of the HER, so that a study of SAM-desorption is difficult in the acidic electrolyte.
Classifying the ellipsometric data recorded during the first cycle two groups emerge, which shall be termed A and B. The results are summarised in Table 1 . Type A shows a completely reversible desorption/readsorption process when scanning over the desorption potential and back. Such behaviour is recorded for ODT, and with a slight modification for DDT in NaClO 4 . The most common type of behaviour is type B, a crossing of the Re( J 1 ) = 0 line during the desorption process, with Re( J 1 ) 4 0 even after readsorption, i.e. a non-reversible desorption. This desorption behaviour was previously recorded for PyPP1, 42 and is found here for MUD and DDT in NaOH.
Interpretation of ellipsometric data
For all intact SAMs, Re( J 1 ) o 0, in accordance with the form of J 1 for a single homogeneous layer in eqn (4), when a layer composed of a substance with a dielectric constant larger than that of the electrolyte is present on a metallic substrate. The positive values of Re( J 1 ) found after desorption indicate that the dielectric constant of the electrolyte in the interfacial region is (on average) smaller than the dielectric constant of the bulk electrolyte. Alternatively, the surface region of the metal may have a lower real part of dielectric constant than the bulk metal. However, strong spectral features are expected in Re( J 1 ) for this case, which are not observed -more details will be discussed in the second part of this section.
Following eqn (4), an increase from the initially negative Re( J 1 ) to 0 during the desorption process is consistent with a complete loss of the adsorbed SAM. Alternatively, the integral in the definition of J 1 [eqn (3)] shows that regions in the interface with positive and negative dielectric constant difference have opposite effects on J 1 , which may cancel. The increase of Re( J 1 ) above 0 implies that regions with a dielectric constant below that of the solvent are generated in the desorption process. This interpretation is also consistent with the observation of Re( J 1 ) 4 0 during the start of the HER (Fig. 1b) . In this work, strongly positive values of Re( J 1 ) will be treated as a sign of the presence of H 2 in the interface, as HER is thermodynamically possible at the desorption potentials. 16 Because of the magnitude of the effects, the formation of a void (''layer of vacuum'') between metal and desorbed SAMs is not considered here, though such a void is discussed for other systems. 8, [56] [57] [58] The interpretation of H 2 is also consistent with previous work. 42 Treating the formed H 2 as a homogeneous layer, eqn (4) can be used to get an estimate of the apparent layer thickness d H 2 0 when considering a complete loss of the SAM. Alternatively, considering the SAM to be present in a physically unmodified state after desorption, eqn (3) can be used to estimate the analogous apparent layer thickness d H 2 *. In this analysis, e(H 2 ) = 1. At each wavelength, the respective equation has been evaluated and a thickness value has been obtained as a result. Note that the wavelengthdependence of the dielectric function of the gold substrate is included in the analysis. Table 2 should be treated with caution, and should be used to illustrate the order of magnitude of the effect. Because the thickness of the H 2 layer cannot depend on the wavelength, observation of a systematic wavelength dependence hints to the presence of a phenomenon which is not included in the model presented so far. A strong wavelength dependence is, however, observed for DDT and ODT, which will be discussed below. Apparent layer thicknesses determined at the different wavelengths plotted against the wavelength (i.e. ''thickness spectra'') are shown in the ESI † ( Fig. S6 and S7) .
The observation of a wavelength dependence of d is the consequence of a wavelength dependence of J 1 beyond the wavelength-dependence of e 2 used here. A wavelength dependence beyond the wavelength dependence of e 2 is also observed when following Re( J 1 ) in the first scan in the anodic direction after desorption of MUD (Fig. 2a) , where the reverse scan after the first cathodic scan shows a decreasing Re( J 1 ) at 600 nm, while Re( J 1 ) is constant at 350 nm. Three possible explanations for the wavelength-dependence shall be considered, (a) changes in the absorption spectrum of the layer which is not included in the analysis, (b) a change in the gold dielectric function in the interfacial region (e.g. because of the presence of surface states, or more generically due to electroreflectance 59, 60 ), and (c) the optical anisotropy of the SAMs and a change in anisotropy during the desorption process. Changes in the visible absorption spectrum of the alkyl chains can safely be excluded as the origin for any of the observed wavelength dependencies.
Differences in the dielectric function of gold between the Au(111) used here and the reference data used to obtain the function employed for analysis in this work are likely to be present, because of slight differences in the surface crystal structure. 47, 48 The electrochemical processes at the interface may lead to transitions between occupied and empty surface states, which also show as absorption features in the data of J 1 and should show distinct spectral features. [61] [62] [63] [64] [65] Electroreflectance also shows special features in the spectra around certain characteristic wavelengths of the substrate dielectric function. 59, 66 Indeed spectral features are observed in the ''spectra'' of d H 2 0 and d H 2 *, typically at wavelengths below 550 nm (ESI †).
Fig. S5 in the ESI † shows, however, that at these special features, d deviates only E15% from the respective hdi. Therefore, the process causing this deviation can account for only E15% of the 
after desorption of the indicated SAM in the indicated electrolyte. For both quantities, minimum (min), maximum (max) and average hdi values are given, obtained from the analysis of a full ellipsometric spectrum from 300-820 nm 
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overall deviation observed in the ESI, † Fig. S6 and S7. These features can, however, account only for a deviation of E15% around the respective hdi, and not for the observed systematic dependence, with minima at the highest wavelength. The large differences between minimum and maximum values by more than one order of magnitude are therefore likely not caused by such effects. Here, only the behaviour of the reverse scan of MUD in NaOH may be caused by a change in the interfacial electronic structure, or at least occupancy, of the gold substrate.
In particular, the majority of the observed difference cannot be caused by an interfacial change in the dielectric function due to changes in the charge state of the interface (''electroreflectance''). 59, 67 (Surface states can also contribute to electroreflectance spectra, 68 which is not discussed here in detail.) First, the previous argument about the strong wavelength dependence holds here as well, because qualitatively different behaviour is expected in regions where ÀRe(e 2 ) o 1 (e.g. around 350 nm) 53 and in regions where ÀRe(e 2 ) 4 1 (above 500 nm). 66 Second, the electroreflectance effect is much smaller than the effects observed here. 59, 69 Electroreflectance is likely, however, to contribute to the deviations observed below 500 nm e.g. in the thickness spectrum of MUD (ESI † Fig. S5 ). Electroreflectance can also not account for the differences observed in the thickness spectra between MUD, DDT and ODT (ESI †), because there, essentially the same behaviour would be expected for all three SAMs. To strengthen the argument, the ellipsometic data from this work may be compared to potential-dependent capacitance measurements available for ODT. 23 After onset of the desorption, capacitance increases almost linearly by a factor of 5 in total, even after the desorption peak in the CV. 23 If the corresponding change in surface charge and the associated change in electroreflectance were dominating the curves of Re( J 1 ), Re( J 1 ) were expected to rise strongly after the desorption potential, which is not observed. On the other hand, ellipsometric detection has been successfully applied to the study of optical anisotropy of organic molecules at interfaces. [70] [71] [72] [73] [74] Electroreflectance is also affected by optical anisotropy. 60 A systematic (''baseline-like'') decrease or increase in the d H 2 ''spectrum'', similar to the spectrum as observed for DDT and ODT, is expected in the presence of optical anisotropy in the interfacial layer. A change in the optical anisotropy during the desorption process will lead to a systematic wavelength dependence, as will be shown below. The simplest type of optical anisotropy possesses azimuthal symmetry: the optical axis is oriented perpendicular to the interface. Such a situation is often encountered in systems where in-plane differences average out due to domain formation, and may serve as a useful starting point for the analysis here. (A full description of an anisotropic layer is possible, 75 but
for systems with weak anisotropy as those investigated here the problem of data inversion is typically ill-posed.) The system can be described by a dielectric function e z perpendicular to the interface and a dielectric function e x parallel to the interface. 46 Here, both e z as well as e x are treated as real, because the 
Considering the special case of a homogeneous anisotropic layer on a metallic substrate in analogy to eqn (4) and separating real and imaginary parts yield 
When comparing eqn (9) to (4), it is obvious that the layer dielectric constant e s , which is present in the two final terms in eqn (4) , is replaced by e x in one term, and by e z in the other. In the situation encountered in this work, there is a strong wavelengthdependence of e 2 , which enters one of these terms. Therefore, from the shape of both equations it is obvious that if data of an anisotropic layer are analysed with the assumption of isotropy, the resulting layer thickness d will show an apparent wavelengthdependence, as observed for DDT and ODT in this work.
For a simple organic monolayer system, one could now proceed to replace e z and e x in eqn (9) by e ¼ 1 3
De = e z À e x . Subsequently, the system of eqn (9) could be solved for d and De in analogy to the solution for isotropic systems. 45 With e from bulk measurements, this procedure yields an analytic solution to determine d and De. Because in this work, J (init) 1 was calculated on the basis of literature data (as described in Section 2.3), and because e cannot be obtained in an independent experiment for a system containing H 2 and the remains of the organic layer, this route cannot be used for the analysis of data from this work.
Nevertheless, optical anisotropy can qualitatively explain the observed apparent wavelength-dependence in the case of DDT in NaClO 4 and ODT. The main source for optical anisotropy here are the organic molecules, which have an anisotropic polarisability, and which are tilted in the intact SAM. 11 Especially in the case of ODT, the completely reversible adsorption/desorption behaviour detected both in the CV and in the ellipsometric measurements implies that after breakage of the Au-S bond, the molecules must remain physisorbed, i.e. anisotropically ordered, near the interface. Hence, the observations are consistent with a simple model in which a planar anisotropic layer is present above the metal surface (Fig. 5a ), which returns to its initial, chemisorbed state after a reversal of the electrode potential. However, in the cases where no reversible adsorption/ desorption behaviour is observed, but the data indicate a presence of H 2 , different interfacial aggregates must be present. Here, we propose the presence of small bubbles of e.g. hemispherical shape, which are stabilised by the desorbed thiols, as depicted in Fig. 5b . Such structures have a large spread of orientations. Therefore, such structures appear to be almost isotropic. Such thiolate-stabilised bubbles explain the data obtained for MUD. For DDT in NaOH, similar aggregates are proposed, with a remaining anisotropy, as e.g. present in cylindrical structures.
The existence of spherical aggregates after loss of SAMchemisorption has previously been established. 30 As especially the alkyl SAMs are well investigated, differences in the surface structure after adsorption to explain the differences observed, in particular between DDT and ODT, can be excluded: both form a ffiffi ffi 3 p Â ffiffi ffi 3 p R30 lattice. 11 Further, tilt angles of the alkyl chains of E301 are commonly observed.
11
The differences between the different pH observed for DDT are attributed to the lower hydrophilicity and hence solubility of the thiol compared to the thiolate. 76 Because for n-alkyl thiols, pK a E 11, 76 a large fraction of the molecules will be present as thiols and not thiolates near neutral pH. The low solubility of these molecules compared to the charged thiolates implies that molecules are less likely to leave the physisorbed monolayer. On the other hand, the longer-chained ODT is less soluble even as a thiolate, while hydroxylated MUD is more soluble even as a thiol. Thus, the formation of spherical aggregates on the surface can be seen as a first rearrangement step after loss of a few molecules into the solution, following the breakage of the covalent bond to the surface. This process is hypothesized to be of similar nature to the formation of a buckling instability in lipid mono-and bilayers.
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Conclusions
From the systems investigated here, only ODT shows a fully reversible desorption-readsorption behaviour in the ellipsometric data in both neutral and alkaline electrolytes, consistent with impedance investigations. 18 DDT shows fully reversible desorption behaviour only in the neutral electrolyte. For DDT in alkaline solution and MUD, ellipsometric data can only be understood with the presence of a substance with significantly lower dielectric constant than water in the interfacial region. For ODT, the presence of such a substance cannot be excluded from the data. As desorption occurs at electrode potentials where HER is thermodynamically possible, 16 this substance is likely to be H 2 . After initial formation of H 2 , it remains in the interfacial region if the electrode potential is reversed back to the oxidative readsorption region. After a few CV cycles over the desorption potential, the ellipsometric data for MUD and DDT approach the values expected for a complete loss of the SAM. At near neutral pH, ODT and MUD behave similar to that under alkaline conditions.
In NaOH, data for MUD are consistent with models of an isotropic layer, both before as well as after desorption. On the other hand, data from DDT and ODT layers show a wavelengthdependence, which could be interpreted as a change in optical anisotropy during the desorption process. While overall the formation of spherical, micelle-like aggregates is well-established in the desorbed state, 30 the role of H 2 in the interfacial region is less clear. Overall, in the desorbed state, two kinds of aggregates can be discussed: on the one hand, spherical or hemispherical (Fig. 5b) , and on the other hand flat, monolayer-like aggregates (Fig. 5a ). Data for MUD are compatible with the formation of a spherical aggregate after desorption, where the aggregate in fact stabilises a H 2 ''nanobubble''.** For ODT on the other hand, a flat structure dominates the desorbed state. This behaviour contrasts the observations for hexadecanethiol. 80 The measurements for DDT are somewhere in between those of MUD and those of ODT. For DDT, also H 2 nanobubble stabilised by desorbed molecules is consistent with the data. The results here also imply that hydrophobic, long chain thiols form SAMs which are more ''stable'' compared to shorter thiol SAMs: the molecules remain at the interface. 18 The differences between the SAMs investigated here show that the reductive desorption process is more complex than the simple reaction equation suggests. Solubility in the electrolyte is playing a role in the loss of physisorption, with more hydrophobic (i.e. less soluble) substances tending to form more stable aggregates. More detailed information, especially in the quantification of the anisotropy, may be obtained by full Mueller matrix ellipsometry, 81 provided there is sufficient sensitivity. More information on the lateral extension of the aggregate would be available from the analysis of the polarisation of scattered light. (Table 1 ). H 2 may or may not be present in the region between organic molecules and substrates. The orientation of the molecules remains similar to that in the SAM, and a reversible readsorption is possible. (b) Spherical aggregate of desorbed SAM-forming molecules, with H 2 in the core. This shape is one example which may be present for desorption type B (Table 1 ). Molecular tails are oriented towards the hydrophobic core of the aggregate, reducing the interfacial energy between hydrogen gas and the electrolyte. A reversible readsorption of the SAM-forming molecules is impossible in this case.
** Control experiments show no effect of macroscopic bubbles on the ellipsometric signal, as shown in Section 3.1. Therefore, the hypothesis is that the H 2 is present in a structure which at least in one dimension is significantly smaller than the wavelength of light.
